The crystal structure and paramagnetism in the pyrazinamide containing copper(II) 2-nitrobenzoate single crystal were investigated using X-ray diffraction, Fourier-transform infrared spectroscopy, and electron paramagnetic resonance techniques. X-ray diffraction analysis shows that the complex crystallizes in monoclinic system having two molecules in the unit cell. After using curve fitting method to the electron paramagnetic resonance spectra, anisotropic g and hyperfine A tensors were obtained. The local symmetry, spin Hamiltonian parameters, and molecular bonding coefficients of the paramagnetic Cu 2+ ion were determined. Perturbation approach was applied to the spin Hamiltonian to calculate the g and A values.
Introduction
Pyrazinamide (PZA) is used as a first step drug in the treatment of tuberculosis for over 50 years [1] . It shortens the total healing time as being bactericide for some specific bacteria. PZA and its derivatives are widely used due to their antimicrobial properties [1] . It is also used to reduce the duration of chemotherapy [2] . Benzoic acid is found widely in plants and animal tissues as being the essential component of vitamin B-complex [2] . It is used to raise the salicylate level in blood and is used in miticides, contrast media in urology, and in the manufacture of pharmaceuticals [3] . Electron paramagnetic resonance (EPR) technique is widely applied to transition ions, especially to Cu(II) ions, to identify the magnetic properties, local symmetry, and spin dynamics of the complexes [4] [5] [6] .
In this study, we aimed to investigate the structural and magnetic properties of this novel complex of copper(II) by using X-ray diffraction (XRD), Fouriertransform infrared (FT-IR) spectroscopy and EPR methods. We have also tried to calculate theoretical values for electronic transitions and molecular bonding coefficients.
Materials and methods
All chemical reagents were analytical grade commercial products. Solvents were purified by conventional methods. KBr disks and a Vertex 80v Bruker FT-IR spectrophotometer were used to record the IR spectra in 400-4000 cm −1 region. Varian E-109C model X-band spectrometer was used for EPR measurements. Suitable single crystal was mounted on a goniometer and the spectra were recorded in three mutually perpendicular planes at 10
• intervals at ambient temperature. 
Results and discussion

XRD analysis
The molecular structure of the complex having the formula [Cu(2-NB) 2 (PZA) 2 (H 2 O) 2 ] (NB: nitrobenzoic acid, PZA: pyrazinamide) is shown in Fig. 1 . Bond lengths and inter-bond angles obtained from the the crystallographic data are given in Table I . The Cu(II) ion is coordinated to O4 atoms of two 2-nitrobenzoic acids and N2 atoms of two pyrazinamide ligands forming the equatorial plane. Axially it is coordinated to two aqua ligands and completes the coordination sphere as distorted octahedron. The bond lengths of Cu1-O6 in axial positions are longer than those of Cu1-O4 and Cu1-N2 in equatorial plane and hence the symmetry of the complex is D4h. In most of the Cu(II) complexes, axial elongation is observed and can be explained in view of Jahn and Teller [7] . 
FT-IR results
single crystal was recorded at room temperature and is shown in Fig. 2 . Some of the main bands in the spectrum were explained and compared with the results of similar works. The strong absorption bands at 1601 and 1563 cm −1 correspond to the carbonyl asymmetric stretching bands of 2-nitrobenzoic acid ligand. Shah et al. observed these bands at 1590 and 1550 cm −1 [8] . Similarly, the symmetric stretching mode of the carbonyl group was observed at 1387 cm −1 while Shah et al. found them at 1388 and 1362 cm −1 in their study [8] . The strong band appearing at 1533 cm −1 in the complex is associated with asymmetric stretching vibrations of NO 2 group. This mode was observed at 1568 cm −1 in [9] . A very strong absorption band at 1697 cm −1 was assigned to mode ν(C=O) related to pyrazinamide ligand. It was observed at around 1700 cm −1 in the literature [10, 11] . The strong absorption band at 3539 cm −1 corresponds to the asymmetric vibrations of NH 2 in pyrazinamide ligand. This band was observed at 3500 cm −1 and 3414 cm −1 in some pyrazinamide complexes [10, 11] . A medium absorption band at 3389 cm −1 was assigned to the symmetric deformation mode of NH 2 and in literature it was observed at 3368, 3386 and 3376 cm −1 [10, 11] .
EPR study
EPR spectra of both single crystal and powdered sample of the title complex were recorded at room temperature and are shown in Fig. 3 . Cu(II) ion has d 9 configuration having one unpaired electron. Moreover, it has a nuclear spin I = 3/2 and so has a dipolar interaction with the unpaired electron. This interaction is also known as hyperfine interaction. When such an interaction is present in paramagnetic systems, one can expect four lines in an EPR spectrum since the magnetic spin quantum number (m I = +I I − 1, . . . , −I + 1, −I) of the nucleus has four different values (+3/2, +1/2, −1/2, −3/2). If the system is anisotropic, i.e. its properties depend on the orientation of the applied (external) magnetic field, then the positions of the lines and the distance between two adjacent lines (hyperfine splitting constant) change for each angle in the recorded EPR spectrum [12, 13] . Hence, at some orientations, the lines overlap and cause the number of lines to decrease (Fig. 3a) . On the other hand, unpaired electrons in the complex interact with the external magnetic field and have an energy difference between spin states (electron Zeeman splitting). When the energy of microwave radiation sent to the sample is equal to the energy gap between spin states, resonance condition is reached and transitions from lower spin state to the higher state take place until the steady state is reached. The spins at excited state return to the ground state by giving their energy to either crystal lattice or other spins. The duration of de-excitation is called the relaxation time and the shorter this time is, the wider is the EPR line-width. Furthermore, if the unpaired electron density in the complex is large, then the line-widths in the EPR spectra are wide [12] . Thus, the line-widths in the EPR spectra of the title complex can be explained in these terms.
The spin Hamiltonian including only electron Zeeman and hyperfine interactions can be described as:
(1) To construct the g and A tensors for the [Cu(2-NB) 2 
2 values of all recorded EPR spectra in three axes were plotted against rotation angle, as in Fig. 4 . Least squares technique was used for curve fitting to obtain principal values (eigenvalues) and direction cosines (eigenvectors) of the tensors [13] . The results show that the local symmetry of the Cu(II) ion is rhombic and the Cu(II) ion has two sites in the complex. All these values are listed in Table II In order to calculate the molecular bonding coefficients, one needs to apply the perturbation approach to spin Hamiltonian and carry out further calculations for energies of d-d transitions in the complex. The required formulas and values were taken from Refs. [14] [15] [16] [17] [18] and the coefficients of the molecular bonding were calculated. To fit the theoretical results to the experimental values the same approach was used as in [14] [15] [16] [17] [18] . Both the theoretical and experimental results are listed in Table III . From the results one can conclude that in plane σ bonding (α 
Conclusions
Molecular structure and magnetic properties of [Cu(2-NB) 2 (PZA) 2 (H 2 O) 2 ] single crystal were studied using XRD, FT-IR and EPR techniques. The crystal belongs to monoclinic system and magnetically the local symmetry of the paramagnetic Cu(II) ion is found to be rhombic. The spin Hamiltonian parameters with the molecular bonding coefficients were also calculated. Theoretical formulas are used to verify the experimental results.
Supplementary data
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